A group of six phages, GV-I to GV-6, was characterized. These phages use a strain of Bacillus thuringiensis vat. galleriae, serotype V, esterase type 5, as host. The phages were divided into three types: Group I, phages GV-I, GV-2 and GV-4; Group 1I, phages GV-3 and GV-5; Group III, phage GV-6. Their morphology, plaque morphology, host range, serum neutralization, adsorption rates, one-step growth characteristics, calcium requirements, thermal inactivation and stability were examined. Distinction between the groups was clear-cut, and sufficient differences were observed between individual phages within a group to allow differentiation. Group
INTRODUCTION
Crystalliferous bacteria generally described as belonging to the Bacillus thuringiensis group have been studied for a considerable period of time (Heimpel, I967) , but relatively little has been published regarding their physiology, unusual protein metabolism or bacteriophage relationships. This may be because primary interest in these micro-organisms to date has focused on their pathogenicity for insects and has been directed towards their use for controlling insects in the field. As part of a study of the general genetics of B. thuringiensis and related species we have examined a number of bacteriophages which elicit a lyric response in naturally occurring as well as genetically altered strains of these organisms. We report in this paper the characteristics of certain bacteriophages examined in these studies.
METHODS
Host bacteria. The strains of Bacillus used in these studies are maintained in the Bacillus culture collection of the International Minerals and Chemical Corporation. The insect pathogens in this collection were received from various sources throughout the world but mainly from the Czechoslovakian Collection of Entomogenous Bacteria in Prague. The strains of Bacillus not pathogenic for insects which were used in the host range experiments were, for the most part, obtained from the Northern D. J. COLASITO AND M. H. ROGOFF Utilization Research Laboratories collection in Peoria, Illinois. Certain insect pathogens in the host range study are one step removed from the parent cultures and are as yet uncharacterized mutants. The host culture designated BTG-I is a strain of B.
thuringiensis var. galleriae serotype V, esterase type 5, according to the taxonomic key of de Barjac & Bonnefoi (1967) .
Phages. The bacteriophages were isolated from various sources (soil samples, fermentation broths, etc.), originally as plaques on agar plates of the BTG-I host strain. These plaque-forming phages were purified by serial selection of single, wellisolated plaques for sufficient passages to ensure plaque uniformity. Following satisfactory isolation, the phages were propagated on strain BTG-I in Nutrient Broth (Difco) made o.ooi M with respect to Ca ~+, Mg 2+ and Mn ~+. The same medium with the Mg ~+ salt omitted (medium NB +) was used throughout the rest of these studies. For plating 1. 5 ~ agar was added. 'Soft' agar contained broth+o-75 ~ agar. To provide a uniform system of identification the phages isolated in this and subsequent studies are designated by two letters followed by a number. The first letter indicates the Bacillus thuringiensis from which they are isolated; the second letter, V, designates virulence, elicitation of a lyric response in the host. The number was arbitrarily assigned in order of isolation. The phages in this study were originally isolated from plaques on BTG-I, vat. galleriae, and thus become a GV series, e.g. phage GV-t.
Phage lysates were prepared by growing broth cultures of BTG-I on a rotary shaker (275 rev./min., 2½ in. radius) in 5oo ml. Erlenmeyer flasks at 3 o°. Flask cultures in the early logarithmic growth phase were inoculated with the appropriate phage and incubated until the broth cleared. The broth was centrifuged to remove bacterial debris and the supernatant fluid was filtered through a Millipore membrane filter with pore diameter of o.22 nm. Following filtration, the phage lysates were assayed by the conventional soft-agar layer method of Adams (1959) . Lawns were prepared from logarithmically growing vegetative cultures or from spore suspensions of strain BTG-I. The phages formed plaques with equal efficiency in either type of lawn.
Determination of susceptibility. The bacterial suspensions used in the host range study were grown to a concentration of approximately lO 8 organisms/ml. Soft-agar plates were prepared by adding o. I ml. of a bacterial culture and I.O ml. of a suitably diluted phage preparation to a tube of melted soft agar. The tubes were swirled to obtain proper mixing and poured on to the surface of hard agar base plates. The criterion for susceptibility was the formation of clearly defined plaques on the bacterial lawn. Doubtful or faint reactions were repeated until verified as positive or negative.
The methods described by Adams (1959) were used in the phage adsorption rate and one-step growth experiments. In determination of phage adsorption rate, bacteria in the phase of logarithmic growth were used and the multiplicity of infection (i.O.I.) was never allowed to exceed 1.o. Samples were removed from the reaction tubes at suitable intervals, filtered through Millipore filters, and the free phage in the filtrates determined. In the one-step growth experiments the M.Oa. was again held to i-o or less and adsorption allowed to proceed for 5 min. The contents of each tube were then added to an equal volume of appropriately diluted antiserum 5 min. before dilution into growth tubes. The tubes were incubated in a water bath without shaking at 3 o°.
Serology. Antisera against the phages were prepared in either rabbits or horses.
Antigens consisted of debris-free phage filtrates containing between lO 9 and lO l° phage particles per ml. for rabbits and between IO 11 and IO 1~ particles per ml. for horses. Rabbits were injected intravenously on day one with o.I ml. of phage filtrate and on the six following days with amounts of filtrate increasing by o. I ml. per day. Blood was collected 3 ° days after the initial injection of antigen. Horses received an initial subcutaneous inoculation of z.o or 5"o ml. of filtrate mixed with an equal volume of Freund's adjuvant and a second inoculation of 2 ml. without adjuvant 7 or IO days later. Serum was collected approximately IO days after the second inoculation.
Bacteriophage morphology. Electron micrographs of the GV series phages were prepared for rapid determination of their morphological types. Fresh lysates were prepared and concentrated by centrifugation to approximately lO l° to lO TM phage particles per ml. A drop of each suspension was placed on a carbon-coated copper grid and excess suspending fluid was removed with a filter-paper wick. A drop of I ~o phosphotungstic acid was placed on the grid, the excess withdrawn by touching with a piece of filter paper, and the preparation air dried. The electron micrographs were made on a Hitachi x I B-2 electron microscope. No attempt was made to assess phage structures in more detail than is obvious from the electron micrographs.
RESULTS

Morphology. Examination of the micrographs indicated three morphological types
among the six phages examined (PI. I; Table I ). GV-I, GV-2 and GV-4 were fairly small phages with rounded heads and straight tails on which indications of a knoblike end-apparatus are observed. Phages GV-3 and GV-5 had oblong heads, perhaps with a six-sided outline, short tails and a plate-like collar structure attached to the base of the head. The GV-3 and GV-5 phages appeared morphologically similar to Bradley's Bacillus subtilis phage GA-I (I965) or the B. subtilis phage 29 of Anderson, Hickman & Reilly (I966) . Phage GV-6 had a polyhedral head with an hexagonal outline and a contractile tail which disclosed a thin core of material passing through the centre of the sheath. A terminal structure was visible attached to the end of the contractile sheath.
The GV-6 morphotype was similar to Chapman & Norris's 0966) B. thuringiensis phage III. The general morphology of the six GV-phages is sumarized in Table i .
Host range. The ability of the GV phages to form plaques on bacterial strains taxonomically related to the Bacillus cereus group and three strains outside of this group was determined ( Table 2 ). The host ranges varied from I5 to 19 strains susceptible to GV-6 to only five susceptible to GV-3 or GV-5. Three bacterial strains outside of the B. cereus types were sensitive to infection by these phages. Variation in individual susceptible host sensitivity to the various phages ran from two strains of B. thuringiensis var. sotto and one of B. thuringiensis var. alesti sensitive only to GV-6, to a strain of B. thuringiensis var. galleriae sensitive to all six of the phages. No attempt was made to use these phages as a taxonomic tool.
Serum neutralization. Cross-neutralization was tested by observing the reaction of each antiserum with each of the GV phages. Serial tenfold dilutions of the antisera were mixed with phage suspension to a final concentration of 3oo phage particles/ml. The phage was exposed to antiserum action for 3 ° min. before plating the suspensions to determine residual active phage. The results (Table 3) were expressed as dilution of serum giving 95 9/oo neutralization of phage under the test conditions. Although all phages were not related serologically, serological relations within the morphological groups were fairly consistent. There was an indication of some serological relationship between the morphologically unrelated phages GV-2 and GV-3 which may warrant further exploration. 
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Adsorption rates. The rate constants of the adsorption of the GV phages on strain BTG-I were determined according to Adams (1959) . The rates were within a tenfold of each other with the exception of phage GV-6 whose rate of adsorption was considerably slower (Table 4) . This was reflected in the degree of adsorption measured at 5 min. BTG-I adsorbed between 82 ~ and 99 ~ of phages GV-I to GV-5 during this period but only 32 ~ of GV-6. At the end of IO min. over 9 ° ~o of the first five phages had been adsorbed; only 47 ~o of phage GV-6 had been adsorbed. The data suggest either a difference in the number of adsorption sites on the host cell surface for phage GV-6 as opposed to the other phages, or a difference in GV-6 affinity for an adsorption site common for all the phages tested. 
GV'4, GV-5, GV-6, Phage rabbit Rabbit Horse Rabbit Horso rabbit rabbit horso
* (-) indicates neutralization of less than 95% at the Io -I dilution. One-step growth characteristics. Latent periods and average burst sizes for each phage were determined in one-step growth experiments (Table 5) . The phages had different characteristics. Phages GV-I, GV-3 and GV-6 exhibited a relatively long latent period. This may not prove unusual for the Bacillus thuringiensis phages, however, when suffÉcient of them have been studied for comparative purposes. Although not experimentally demonstrated, we can probably assume 25 ~ to 5o ~ abortive infections in the cases of phages GV-I, GV-2 and GV-5 based on recovery of infectious bacterial centres at phage-to-bacteria ratios of < o.I. The recovery of infectious bacterial centres was always less than the number of bacteria adsorbing phage, with phages GV-3, GV-4 and GV-6 being relatively efficient in their infective capacity. Burst sizes for these phages were quite different, ranging from 5o per infected cell in GV-I to zoo per infected cell for GV-6. Thermal inactivation. Suspensions of the phages were held at 60 ° . Samples were removed at intervals, transferred to ice-cold broth and diluted further with cold broth for assay. There were differences in the inactivation of the phages, not only in initial inactivation (phages GV-3, GV-5 and GV-6 versus GV-z and GV-4) but also in the deviation in the GV-3 and GV-5 curves after initial inactivation (Fig. I) . The inactivation curves of GV-3 and GV-5 were particularly interesting. Phage GV-6 was particulady sensitive to heat inactivation at 60 ° .
Stability. Samples of the GV phages were stored under different conditions and tested for viability at intervals. All phages except GV-6 were quite stable under a variety of conditions. After simple storage at 4 ° for 6 months there was a maximal loss of infectivity of one log; GV-6 lost at least two logs after storage for I week at 4 °. Phages GV-I to GV-5 were stable when stored in the presence of chloroform, but GV-6 was inactivated. Some stabilization of GV-6 was obtained by adding IO ~o dimethylsulphoxide to the suspension fluid. 
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DISCUSSION
These Bacillus thuringiensis phages can be separated into three groups according to size, morphology, serology, host range, and thermal inactivation. Phages GV-I, GV-2 and GV-4 comprise one group, GV-3 and GV-5 a second, and GV-6 a third. Within the first two groups, individual phages can be distinguished on the basis of plaque type, host range, adsorption rate, latent period and calcium requirement. The group I type has not been reported previously for this bacillus. Phages of group III resemble a phage previously reported by Chapman & Norris (1966) for B. thuringiensis. Group II phages have not been reported as infecting B. thuringiensis but are similar in size and morphology to the B. subtilis GA-I phage of Bradley (I965).
